Intron gigantism, where genes contain megabase-sized introns, is observed across 13 species, yet little is known about its purpose or regulation. Here we identify a unique gene 14 expression program utilized for the proper expression of genes with intron gigantism. We 15 find that two Drosophila genes with intron gigantism, kl-3 and kl-5, are transcribed in a 16 spatiotemporal manner over the course of spermatocyte differentiation, which spans ~90 17 hours. The introns of these genes contain megabases of simple satellite DNA repeats that 18 comprise over 99% of the gene loci, and these satellite-DNA containing introns are 19 transcribed. We identify two RNA-binding proteins that specifically localize to kl-3 and kl-5 20 transcripts and are needed for the successful transcription or processing of these genes. We 21 propose that genes with intron gigantism require a unique gene expression program, which 22 may serve as a platform to regulate gene expression during cellular differentiation. 23 24 25
Introduction 26
Introns, non-coding elements of eukaryotic genes, often contain important regulatory 27 sequences and allow for the production of diverse proteins from a single gene, adding critical 28 regulatory layers to gene expression (Shaul, 2017) . Curiously, some genes contain introns so 29 large that more than 99% of the gene locus is non-coding. In humans, neuronal and muscle 30 genes are enriched amongst those with the largest introns (Scherer, 2010) . One of the best-31 studied large genes, Dystrophin, a causative gene for Duchenne Muscular Dystrophy, spans 32 2.2Mb, only 11kb of which is coding. A large portion of the remaining non-coding sequence 33 is comprised of repetitive DNA-rich introns (Pozzoli et al., 2002) . While intron size 34 ('gigantism') is conserved between mouse and human, there is little sequence conservation 35 within the introns, implying the functionality of intron gigantism (Pozzoli et al., 2003) . 36
37
The Drosophila Y chromosome provides an excellent model for studying intron 38
gigantism. Approximately 80% of the 40Mb Y chromosome is comprised of repetitive 39 sequences, primarily satellite DNAs, which are short tandem repeats, such as (AATAT)n 40 ( Figure 1A ) (Carvalho, 2002; Hoskins et al., 2002; Lohe et al., 1993; Peacock et al., 1978) . The 41
Drosophila Y chromosome encodes fewer than 20 genes , six of which 42 are collectively known as the 'fertility factors' (Brosseau, 1960; Gatti, 1983; Hazelrigg, 1982 ; 43 Kennison, 1981) . One of the fertility factors, kl-3, which encodes an axonemal dynein heavy 44 chain (Carvalho et al., 2000; Goldstein et al., 1982; Hardy et al., 1981) , spans at least 4.3Mb 45 (Bonaccorsi et al., 1988; Gatti, 1983; Pimpinelli, 1986) , while its coding sequence is only 46 ~14kb ( Figure 1A ). This is due to the large satellite DNA rich-introns, some of which are 47 megabases in size that comprise more than 99% of the kl-3 locus. The other fertility factors 48 (kl-1, kl-2, kl-5, ks-1, ks-2), have a similar gene structure, possessing large introns of repetitive 49 satellite DNAs (Gatti, 1983) . These six large Y chromosome genes are solely expressed during 50 spermatogenesis (Bridges, 1916; Hardy et al., 1981; Marsh and Wieschaus, 1978) . 51 52 In the Drosophila testis, germ cells undergoing differentiation are arranged in a 53 spatiotemporal manner, where the germline stem cells (GSCs) reside at the very apical tip 54 and differentiating cells are gradually displaced distally ( Figure 1B) (Yamashita, 2018) . GSC 55 division gives rise to spermatogonia (SG), which undergo four mitotic divisions with 56 incomplete cytokinesis to become a cyst of 16 SGs. 16-cell SG cysts enter meiotic S phase, at 57 which point they become known as spermatocytes (SCs). SCs have an extended G2 phase, 58 spanning 80-90 hours, prior to initiation of the meiotic divisions. During this G2 phase, the 59 cells increase approximately 25 times in volume and the homologous chromosomes pair and 60 segregate into individual chromosome territories ( Figure 1C) (Fuller, 1993; McKee et al., 61 2012) . During this period, SCs transcribe the majority of genes whose protein products will 62 be needed for meiotic division and spermiogenesis (Gould-Somero and Holland, 1974; 63 Olivieri and Olivieri, 1965; Schafer et al., 1995) . Gene expression in SCs is thus tightly 64 regulated to allow for timely expression of meiotic and spermiogenesis genes (White-Cooper 65 and Caporilli, 2013). 66 67 It has long been known that three of the Y-chromosome-associated genes that contain 68 gigantic introns (kl-5, kl-3 and ks-1, Figure 1A (Hess, 1967; Piergentili, 2007) . Much of the 73 fundamental knowledge about Y-loops comes from D. hydei, which forms large, cytologically 74 distinct Y-loops (Hackstein et al., 1982) , leading to the discovery that these structures are 75 formed by the transcription of large loci comprised of repetitive DNAs (Hochstenbach et al., 76 1994; Huijser et al., 1990; Trapitz et al., 1992; Vogt, 1986a; Vogt, 1986b; Wlaschek et al., 77 1988) . Interestingly, in D. pseudoobscura, which contains a 'neo-Y' (not homologous to the 78 ancestral Y chromosome), Y-loops are thought to be formed by Y-linked genes instead of by 79 the kl-3, kl-5 and ks-1 homologs, which are on the autosomes (Chang and Larracuente, 2017) , 80 suggesting that Y-loop formation is a unique characteristic of Y-linked genes, instead of being 81 a gene-specific phenomenon. 82
83
The transcription/processing of such gigantic genes/RNA transcripts, in which exons 84 are separated by megabase-sized introns, must pose a significant challenge for cells. 85
However, how genes with intron gigantism are expressed and whether intron gigantism 86 plays any regulatory role in gene expression remain largely unknown. In this study, we began 87 addressing these questions by using the Y-loop genes as a model, and describe the unusual 88 nature of the gene expression program associated with intron gigantism. We find that 89 transcription of Y-loop genes progresses in a strictly spatiotemporal manner, encompassing 90 the entire ~90 hours of SC development: the initiation of transcription occurs in early SCs, 91 followed by the robust transcription of the satellite DNA from the introns, with cytoplasmic 92 mRNA becoming detected only in late SCs. We identify two RNA-binding proteins, Blanks and 93 Hephaestus (Heph), which specifically localize to the Y-loops, and show that they are 94 required for robust transcription and/or proper processing of the Y-loop gene transcripts. 95
Mutation of the blanks or heph genes leads to sterility due to the loss of Y-loop gene products. 96
Our study demonstrates that genes with intron gigantism require specialized RNA-binding 97 proteins for proper expression. We propose that such unique processing may be utilized as 98 an additional regulatory mechanism to control gene expression during differentiation. 99
100
Results 101
Transcription of a Y-loop gene, kl-3, is spatiotemporally organized. 102
To start to investigate how the expression of Y-loop genes may be regulated, we 103 sought to monitor their expression during SC development. In previous studies using D. 104 hydei, when two differentially-labeled probes against two intronic repeats of the Y-loop gene 105 DhDhc7(y) (homologous to D. melanogaster kl-5) were used for RNA fluorescent in situ 106 hybridization (FISH), expression of the earlier repeat preceded that of the later repeat 107 (Kurek et al., 1996; Reugels et al., 2000) , leading to the idea that Y-loop genes might be 108 transcribed as single, multi-megabase, transcripts. Consistently, Miller spreading of SC 109 chromosome with transcripts still bound to DNA showed the long Y-loop transcripts (de 110 Loos et al., 1984; Grond, 1983) . However, transcription of exons was not visualized and 111 extensive secondary structures were present in the Miller spreads, leaving it unclear 112 whether the entire gene region is transcribed as a single transcript. 113 114 By using differentially-labeled probe sets designed for RNA FISH to visualize 1) the 115 first exon, 2) the satellite DNA (AATAT)n repeats found in multiple introns including the first 116 (Bonaccorsi and Lohe, 1991; Lohe et al., 1993) , and 3) exon 14 (of 16) of kl-3 ( Figure 1A , 117
Supplementary file 1), we found that kl-3 transcription is organized in a spatiotemporal 118 manner: transcript from the first exon becomes detectable in early SCs, followed by the 119 expression of the (AATAT)n satellite from the introns, then finally by the transcript from exon 120 14 in more mature SCs ( Figure 1D and late exon, SC development can be subdivided into four distinct stages ( Figure 1E -H). In 129 stage 1, only exon 1 transcript is apparent ( Figure 1E ). In stage 2, the expression of intron 130 transcript is detectable, while the signal from the first exon remains strong ( Figure 1F ). Stage 131 3 is defined by the addition of late exon signal, indicating that transcription is nearly 132 complete ( Figure 1G ). Stage 4 is characterized by the presence of exon probe signals in 133 granule-like structures in the cytoplasm ( Figure 1H ), which likely reflect kl-3 mRNA 134 localizing to ribonucleoprotein (RNP) granules, as they never contain intron probe signal. 135
These granules are absent following RNAi-mediated knockdown of kl-3 (bam-gal4>UAS-kl-136 3 TRiP.HMC03546 , Figure 1I ), confirming that they reflect kl-3 mRNA. The same pattern of 137 expression was seen for the Y-loop gene kl-5 (see below, Figure we found that Heph-GFP localizes to Y-loops A and C ( Figure 2B ). It should be noted that the heph locus encodes 25 isoforms and the Heph-GFP protein trap likely represents only a 181 subset of heph gene products. A summary of Y-loop designation, gene, intronic satellite DNA 182 repeat, and binding protein is provided in Figure 2C . 183
184
We confirmed previous reports that blanks is required for male fertility (Gerbasi et Figure 3H ), we found a mild reduction in kl-260 5 expression in blanks mutants ( Figure 4F ). However, considering the fact that the kl-5 mRNA 261 granule is correctly formed in blanks mutant testes ( Figure 4E ), this reduction may not be 262 biologically significant. The mild reduction in kl-5 transcript in blanks mutants could be an 263 indirect effect caused by defective Y-loop B expression. Alternatively, it is possible that a 264 small amount of (AATAT)n satellite, which is predicted to be present in the last intron of kl- As Heph-GFP localized to Y-loops A and C, we first examined whether Y-loops A and 291 C displayed any overt expression defects in heph mutants as seen in blanks mutants ( Figure  292 3B). When we performed RNA FISH to visualize the Y-loop gene intronic transcripts in heph 293 mutants, the overall expression levels of both (AAGAC)n and (AATAT)n satellites appear 294 unchanged between control and heph mutant testes ( Figure 5A, B ). However, we noted that 295 the morphology of Y-loops A and C is altered in heph mutants, adopting a less organized, 296 diffuse appearance ( Figure 5B ), whereas all Y-loops in control SCs show characteristic 297 thread-like or globular morphologies ( Figure 5A ). Y-loop B appears unchanged between 298 controls and heph mutants ( Figure 5A, B) . These results indicate that heph may be important 299 for structurally organizing Y-loop A and C transcripts, without affecting overall transcript 300 levels. 301
302
We next examined expression pattern of kl-5 exons together with the Y-loop A/C 303 intronic satellite [(AAGAC)n], as described in Figure 4 . Overall expression levels of kl-5 304 appear to be unaltered in heph mutant testes ( Figure 5C , E). However, in contrast to control 305 testes ( Figure 5D ), heph mutant testes rarely have cytoplasmic kl-5 mRNA granules in late 306 SCs ( Figure 5E ), suggesting that heph mutants affect kl-5 mRNA production without affecting 307 transcription in the nucleus. heph mutants may be defective in processing the long repetitive 308 regions of transcripts to generate mRNA (e.g. splicing, mRNA export). Similar to blanks 309 mutants, heph mutants do not affect the expression of fzo or Dic61B ( Supplementary Figure  310 2), indicating that heph is not a member of the more general meiotic transcription program. 311
Instead, heph, like blanks, appears to specifically affect the expression of Y-loop A/kl-5 to 312 which it localizes. 313 314 RT-qPCR showed that heph mutants only exhibit a moderate reduction in kl-5 315 expression ( Figure 5G ), which is in accordance with the RNA FISH results described above. 316
A similar moderate reduction in kl-5 mRNA is observed in blanks mutants ( Figure 4F ), which 317 do not affect kl-5 mRNA granule formation. Thus, it is unlikely that the reduction in kl-5 318 expression levels alone causes the lack of kl-5 mRNA granules in heph mutant SCs. Instead, 319
we postulate that mRNA granule formation is dependent on proper processing of primary 320 transcripts, which may be defective in heph mutants. 321
322 Surprisingly, we found that kl-3 mRNA granules are also absent in heph mutants, 323 although Y-loop B/kl-3 expression levels in the nucleus appear to be unaffected ( Figure 6A -324 D). RT-qPCR showed a similar moderate reduction in kl-3 mRNA in heph mutants ( Figure  325 6E) as was observed in kl-5 mRNA ( Figure 5G ). Consistent with the absence of cytoplasmic 326 kl-3 mRNA granules, Kl-3 protein levels are dramatically reduced in heph mutant testes 327 ( Figure 6F ). This is unexpected as Heph protein does not localize to Y-loop B ( Figure 2B As Blanks' ability to bind RNA was previously found to be required for male fertility (Sanders 358 and Smith, 2011), we speculate that Blanks may bind to newly synthesized nascent kl-3 RNA, 359 which contain megabases of satellite DNA transcripts, such that transcripts' 360 secondary/tertiary structures do not interfere with transcription (Zhang and Landick, 361 2016) . It is possible that RNA polymerases, which have inherently low efficiency (Darzacq et 362 al., 2007) , might require Blanks to increase their processivity, allowing them to transcribe 363 through repetitive DNA sequences (Fitz et al., 2018) . 364 365 Heph has been implicated in a number of steps in RNA processing and translational 366 regulation (Kafasla et al., 2012; Sawicka et al., 2008; Valcarcel and Gebauer, 1997; Wagner 367 and Garcia-Blanco, 2001), but Heph's exact role in the testis remained unclear despite its 368 requirement for male fertility (Robida et al., 2010; Robida and Singh, 2003) . We found that 369 heph mutants fail to generate kl-5 cytoplasmic mRNA granules even though nuclear 370 transcript levels appeared minimally affected. This suggests that heph may be required for 371 processing the long repetitive transcripts. For example, heph might be required to ensure 372 proper splicing of the Y-loop gene pre-mRNAs, which is predicted to be challenging as the 373 splicing of adjacent exons becomes exponentially more difficult as intron length increases 374 McKearin, 2003). The aly 2 and aly 5P stocks were a gift of Minx Fuller (Lin et al., 1996) . 422
The Y chromosome in the heph deficiency strain Df(3R)BSC687 appeared to have 423 accumulated mutations that resulted in abnormal Y-loop morphology. This Y chromosome 424 was replaced with the yw Y chromosome for all experiments described in this study. 425
The kl-3-FLAG strain was constructed by Fungene (fgbiotech.com) using CRISPR 426 mediated knock-in of a 3X-FLAG tag at the C-terminus of kl-3 using homology-directed 427 repair. washed with 1X TBST, followed by incubation with secondary antibodies diluted in 1X TBST 474 containing 5% nonfat milk. After washing with 1X TBST, detection was performed using the 475 Pierce® ECL Western Blotting Substrate enhanced chemiluminescence system (Thermo 476 Scientific). Primary antibodies used were anti-α-tubulin (1:2,000; mouse, monoclonal, clone 477 DM1a; Sigma-Aldrich) and anti-FLAG (1:2,500; mouse, monoclonal, M2, Sigma-Aldrich). The 478 secondary antibody was horseradish peroxidase (HRP) conjugated anti-mouse IgG 479
(1:10,000; Jackson ImmunoResearch Laboratories). 480 481
Screen for the identification of proteins involved in Y-loop gene expression 482
Initially, ~2200 candidate genes were selected based on gene ontology (GO) terms (e.g.. 483 "mRNA binding", "regulation of translation", "spermatid development"). These genes were 484 cross-referenced against publicly available RNAseq data sets (i.e.: FlyAtlas, modENCODE) 485 and only those genes predicted to be expressed in the testis were selected. Additionally, 486 candidate genes were eliminated if they are known to be involved in ubiquitous processes 487 (e.g. general transcription factors, ribosomal subunits) or processes that are seemingly 488 unrelated to those associated with the Y-loop genes (e.g. mitochondrial proteins, GSC/SG 489 differentiation, mitotic spindle assembly). Finally, candidates were limited to those with 490 available reagents for localization and/or phenotypic analysis, leaving a final list of 67 491 candidate genes (Supplementary file 2) . If available, we first analyzed protein localization 492 for each candidate. If candidate proteins did not localize to SCs or the Y-loops, they were not 493 further examined. If the candidate was found to be expressed in SCs or if no localization 494 reagents were available, then RNAi mediated knockdown or mutants were used to examine 495 Y-loop gene expression for any deviations from the expression pattern described in Figure  496 1D-H and to assess fertility. As Y-loop genes are all essential for sperm maturation (Hardy et 497 al., 1981) , any genes essential for Y-loop gene expression should also be needed for fertility. 498
All selection criteria and a summary of phenotypes observed can be found in Supplementary controls (A, B) and heph 2 /Df (C, D). Exon 1 (blue), kl-604
